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In an attempt to relate the at* a$eon to the quanta 
of the nuclear force field, Mealael ha* proposed a theory 
'In which the pi meson is essentially a quantum state of a 
eu meson pair. Because of the anticipated low cross section 
for the process, and the low efficiency for detection of pair 
production, a study of the detection problem was needed toe- 
fere a meaningful experiment ocul& be undertaken. 

The general detector requirements have been anaylted, 
and a high efficiency detector manifold ha* been designed and 
constructed. 

The detection efficiency, end expected counting rates 
for pair production by either the Kenttelian process, or an 
eloctrofftagnetic process, hare been calculated for several 
target element*. 

Ktsponse tests have been mads of the fast 6B2J8 co- 
incidence circuit, and of the Model 4Q2 distributed amplifiers, 
preliminary to their use in the experiment* 

A preliminary set of experiments, with modified de- 
tector system®, has been conducted in the Synchrotron beam 
to resolve ehiel&ing, collia&tion, end background problems. 

Frott theee experiments, an upper limit hag been established 
for the tfentxel production cross section at 8.5 x 10 & time* 
the electro magnetic oroes section. This Is about the same 
limit established by Martlnelli and his co-work ore at the 
University of California. 

Final aeeeably and bench testing of the detector 
eye tern Is currently underway, in anticipation of an early 
run with the Synchrotron. 
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CHAPTER I 



INTRODUCTION TO THE PROBLEM 

Experiment indicates that mu-mesons are not produced, 
singly, in nuclear interactions, although pi mesons can be pro- 
duced, and with relatively high cros6-sectlons. The appearance 
of the mu has always been traced to the decay of a parent pi 
meson. Moreover, the pi meson has been observed to interact 
strongly with nucleons, while insignificant nuclear interaction 
is known to occur with single mu mesons. 

However, these observations do not necessarily mean 
that the mu meson is completely unrelated to the quanta of the 
nuclear force field. Wentzel has proposed a theory in which the 
pi meson is essentially a quantum state of a mu meson pair 
(muon — antimuon). * In this theory, the nuclear Interaction, 
and creation, of a single mu meson is expected to be very small. 
However, Wentzel has suggested that a consequence of the ex- 
citation of the nuclear field would be an appreciable production 
of mu meson pairs (as compared, for Instance, to single pi mesons 

It is to be observed that it should also be possible to 

create mu meson pairs, with photons of adequately high energy, 

by an electromagnetic process analagoue to Dirac electron-pair 
2 , 

production. (Such an event assumes the mu to be a Dirac parti- 
cle. ) 

wentzel, , F.7. vo 710. (ioro) 

Dlrao, P.A.M, , Quantum Tn&ory . 
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In order that on attempt to observe these •'rocesees 

be meaningful, a quantitative analysis of the detection problem 

was needed in view of the possibility that the Venttelian cross- 

«* 

section say be very small. 

This paper presents ouch an analysis *1 th emphasis on 

detector design. The various factors entering into detection 
efficiency are explored tc indicate optimum geometries, and a 
' new type of detector has been constructed to realise the optimum 
efficiency as closely as possible. 

iiesen electronics, already on hand, have been adapted, 
with some raodif ic ations, to this experiment. Data have been 
taken to establish the functioning of the electronics, and to 
resolve shielding and housing problems. 

The calculation of expected counting rates has been 
carried forward in some detail for the electromagnetic prooess 
ae well as the Kentzelian, in order to provide a good comparison 
of the relative weights of each at the quanta energies available 
in the KIT Synchrotron beam. Appropriate extrapolation to other 
Synchrotron energy spectra and intensities can easily be made. 

Detection of either mode of production would be signifl- . 
cant, and in particular tbs Wentxelian, which might reveal the 
respective roles of the pi and mu in nuclear interactions. 

Cne previous attempt has been made to detect ou pairs— 
by Mather, Martlnelli, and Jarmle with the University of Calif- 
ornia 322 Kev Bremsstrahlung. Their experiment suffered fro® 
very high backgrounds, and detector blocking, due to high electron 

I 

3 

Suggested by Dr. A. WattenbGrg and Dr. 9.T. Feld of the 
MIT Synchrotron Laboratory. 
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fluxes, but they were able to assign an upper limit to the 

Wentzelian production cross-section as 2 x 10® larger than the 

4 

expected electromagnetic cross section. 



4 Mather, Martinelli and Jarmle, UCRL 1166 W 7405-eng-48, 
University of California. 
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CHAPTER IX 

DETECTION IN GENERAL 

The proposed experiment involves the detection of mu 
meson pairs produo ed by the Breus etrahlung of the MIT Synchro- 
tron interacting with a suitable target. 

With the existing electronics, detection of a single 
mu meson depends on a delayed coincidence between the meson 
pulse and the decay electron pulse. Detection of a pair of 
mesons will involve some type of final coincidence between the 
delayed coincidence pulses of eaoh meson. 

To measure the pair production, a certain basic ge- 
ometry is envisioned. Figure 2-1, illustrates this geometry 
and the associated essential electronics in block diagram. 

Desirable features for the measurement are as follows: 

1. The separate meson signals must be in fast co- 
incidence: a) to reduoe the accidentals rate 

from the high flux of electrons and other 
particles at the detector positions; and 

b) to improve their cognisabill ty . 

2. For highest efficiency, all mesons with enough 
energy to leave the target and pass into either 
detector must be required to deoay in the 
detector. The greatest meson range must lie 
within the meson detector dimensions. In 
other words, the detector should be as long 

as practicable. 
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TO SCALAR 



3. The decay eleotron (mean life ^2 microsec) must 
be observed in detectors physically separated 
from the meson detector to preclude ambiguity in 
meeon and eleotron pulses in cases of very fast 
decay, and to negate the effects of phototube 
“after pulsing.” It also appears desirable to 
require the eleotron to make coincidence between 
the meson and the separated electron-detector to 
keep accidentals rates down. 

4. A delayed coincidence must be required between 
meson-coincidence pulse (l above) and the electron 
coincidence pulse (3 above) to verify the identity 
of the particles. For single mu meson lifetime 
measurements the delayed coincidence will use 
timed gate techniques to provide decay time data. 

5. A final coincidence is required between the 
individual delayed-ooincidence meson pulses to 
establish the pair count. 

An analysis of the basic requirements listed above 
shows that, apart from the electronics of the problem, the 
critical factor in determining success will be In the detector 
manifold use in the experiment. Experimental difficulties 
that have been encountered by previous workers (Martlnelli 
et ai' ) , and the requirements just mentioned, are, of oourse, 
a result of the anticipated very low cross section for mu pair 
production with the available quanta energy and intensities. 

£ Ibid. 
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These may, for emphasis, be grouped Into three major oategorles: 

A. Small effective solid angles for the 
detection of the pair process. The 
detection efficiency decreases with the 
produot of the solid angles of each 
system. 

B. Low efficiency of the decay electron 
detectors in detecting the meson decay 

In a tandem or side-by-side geometry with 
the meson Setector. 

C. High fluxes of particles, other than 
mu's, producing high singles rates in 
the electron and meson counters. In 
Martinelli 1 e experiment, the electron 
singles rates flooded his decay eleotron 
oircults and contributed heavily to his 
accidental rate. These rates probably 
were not only large angle pail*- electrons 
and scattered-in electrons from the target, 
but also photoprotons, and pi mesons. In 
any event, as he pointed out, reduction of 
this cause of accidentals rate must begin 
with shielding of the electron detectors. 

And they must be shielded, not only from 
the target, but from showers produced by 
the beam {or its penumbra) in the shielding 
material and collimators. 
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The problems indioated above are discussed In the 



following chapters: 
Chapter III 
Chapter IV 
Chapter V 



Detector Design 

Detection Efficiency 

Expected Yields and Counting Rates 
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CHAPTER III 
DETECTOR DESIGN 

Single nuclear-reaotion-product parti cles generally 
have a distribution in energy and solid angle. The counting 
rate from such a reaotion is given by: 

CR AuJ’AE-F M -/ 

where Au> is the fractional solid angle; 

4£ is the fractional spectrum energy; 

F la the fraction counted (an efficiency factor) 
For pair detection, simultaneous events in physically 
separated and distinct deteotors are involved. The counting 
rate from a pair production reaction is then given by: 

CR pal? jm-z 

if there is no correlation in energy or angle between 
the two emitted particles) 

Maximum counting rates result from maximizing the 
effective solid angle of each detector, both by decreasing 
detector distance, and increasing detector area. For example, 
a decrease in the effective detector- target distance from 35cm 
to 20cm, increases the solid angle factor for this two particle 
process by about 9. This particular improvement is so signifi- 
cant that special efforts were made to realize it. Further, 

to obtain as large a value as possible for (discussed later) 
— 

The factor ri is the fraotion of the total number of decay 
electrons, from mesons stopped in the inner detector, which are 
capable of being detected in the outer detector. See Chapter IV 
on Detection Efficiency for a discussion of 
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it is necessary that the decay electron detector have as large 
a solid angle as possible. 

The latter consideration suggested a modification of 
the type of deteotor, first used at the MIT Synchrotron Lab- 
oratory by J.3. Clark, L.S. Osborne, and Y. Ooldsohraidt- 
Claremont in their meson experiments. The model i s an inner- 
cylindrical detector, with a peripherally-contiguous outer 
oylinder; figure 3-1 Illustrates this detector, which was 
used in the first experimental runs to line up the electronics. 
Such geometry is quite efficient for observing particles 
(decay electrons) in the outer detector which originate in 
the center detector. 

The axial length of this design is determined by the 
upper limit of the mu energy spectrum that can be obtained vdth 
the maximum quanta energy available. This limit is reduced 
by the energy needed by the companion meson to Just enter the 
second detector. The first modification, figure 3-2 , shows 
the lnorease in length to this upper limit. 

The basic design is purely cylindrical. The effective 
solid angle per detector, for this cylindrical geometry, can 
be taken as a crude estimate to be the solid angle subtended 
by the detector at mid-length. In other words, for a 30 cm 
long cylindrical system of diameter 4 H , with the detector face 
at 20 cm from the target, the effective solid angle is taken 
to be that subtended at the detector midpoint, 35 cm from the 
target. For this untapered cylinder, however, it is impossible 
to attain an effective detector distance of 20 cm because the 
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edge of the detector system will be In the beam. Figure 3 -2 

demonstrates the requirements for minimum beam clearances, 

and the difficulty encountered with the rectangular cross seotion. 

Forming the inner half of the inner detector as a oonioal 
frustrum of appropriate angle, effectively moves the detector 
towards the target by 15 om, since the solid angle throughout 
i s now that subtended at the face. Figure 3-3 illustrates such 

n 

a detector with the resulting conditions imposed. Note that, 
despite the decrease in the effective detector distance, the 
faotor has suffered in the critical forward section of the 
grouping because of the separation of the two detectors in this 
configuration. 

A final modification to allow aotual use of the system 
at 20 cm, and to preserve the faotor necessitated that the 
outer cylinder also be formed of conical frustums. Details of 
the final design geometry are shown in figure 3-4 and appended 
as Appendix A. The physical distance from the detector front- 
face to the target center Is about 20 cm. To make r e ff equal 
to ^actual 1 inner detector, in this case a continuous 
conical frustrum, would have had a base diameter of some 25 cm, 
and a volume of some 8 liters— the outer detectors in turn would 
be tremendous, an unwieldy and heavy apparatus requiring a large 
number of phototubes for reasonable photo efficiency and an 
immense amount of liquid. As a compromise, the frustrum extends 

to half length only, resulting in a reduction in weight and 

— 

The scale of figure 3-3is not the same as the scale of 
figure 3-2. Dimensions b and b 7 , the inner detector window 
diameter, are actually equal. 
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volume of liquid scintillator by about 45/S, and reducing the 
number of phototubes required. 

«e do not gain the full Increase of 9 in the solid 
angle faotor A uj\ mentioned In the early paragr phs of tnis 
Chapter. Instead, the actual net gain 16 about 6.5. 

Another advantage to the outer fruetrura design is that 
it permits heavier shielding of the system against electro- 
magentlc production at small angles, without sacrificing the 

r actual of 20 crn tilus attained. 

The sides and end window of the inner detector are 
made of 20 mil brass, as is the inner wall of the outer deteotor. 
The forxmrd end plate, and the outer wall of the outer deteotor 
are made of 1/16“ brass to give strength and rigidity to the 
entire structure. The back plates of both detectors are made 
of 3/8 inch brass. The Interior of each is lined with 2 mil 
aluminum foil ag a reflector. All seams were soft soldered 
at rolled Joints, except for the back plate junction which was 
a combination butt-lap Joint to the siding. The back plates 
contain the liquid filling and vent holes, and the plastic 
phototube mountings. 

Six 5819 photomultipliers are used with each system: 
two, mounted parallel with the cylinder axis, in the inner 
detector; and four, mounted at 90° to each other on the cir- 
cumferential center line of the outer detector baok plate. 
Attached mounts of plexiglass hold the phototube to the back 
plates in such a way that the photocathode surfaoe is at the 
surface of the back plate, and is separated from the scintillator 
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liquid by 1/16 inch of plexiglass and an optical contact of 
Dow-Cornlng "200 fluid," a viscous silicone. Some consider- 
ation was given to direct liquid contact with the phototubes, 
but sealing between the glass envelope and the brass has not 
been found reliable. It is for this reason that the full 
plastic envelope was used. Rubber *0" ring seals maintain 
the viscous oil reservoir between the tube and the plastic, 
and act as a mechanical clamp to hold the phototube in position. 
A small hole near the base of the flange of the plastic mount- 
ing allows for venting of surplus viscous oil during tube in- 
sertion. The simple contact seal between the back plate and 
the plexiglass tube-mounting provides the liquid seal for the 
oyclohexylbenzene containers. Figured, Appendix A shows 
details of the fitting and mounting. 

Besides making possible the 20 cm target dlstanoe, 
the frustrura construction Increased the photon collection 
efficiency for the liquid system because of the funnellng of 
successive reflections toward the large end of the oones. 

Ray diagrams, figures! and Z , Appendix E illustrates this 
effect. 

An order of magnitude calculation of the number of 
effective photons collected (those producing secondary elec- 
trons on the photo- cathode) per Mev lost in the liquid indi- 
cates an expected average of about 10 per Mev. A minimum 
ionizing electron at radial passage through the thinnest 
part of the outer detector will lose about 4 Mev, to produoe 
an expected 40 effective (3 ev) photons in the outer detector. 
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See Appendix B for this calculation. 

The detectors are to be mounted at 45° to the beam 

on each side, and at about 20 cm target to detector-face 

distance. A beam collimated to 1 inch width will be used. 

An arbitrary selection of 1 1/2 inches from the beam center- 

line was taken to be minimum approach distance for any housing 

material. The method of housing the detectors is shown in 
# 

figure 3, Appendix A. 
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CHAPTER IV 

DETECTION EFFICIENCY 

Equation TE.-Z must be analyzed in detail* and the 
correlation between the energy of the emitted partioleB taken 
into account. 

, The detection efficiency of a single detector is: 

6- Tl • X -Z3 Z-/a- 

where is the factor F of equation 3H-I. 

The detection efficiency for the pair of detectors is: 

6 = ZidiUjf' & Z rf X • g-f TIT- / b 

where the additional factors 2,g, and f, take account of 

0 

the characteristic physics of the process, 
g is a factor which results from the energy correlation 
between the emitted mesons for the pair process. 

(l-<f) i 8 the fraction of the meson decays whioh occur 
during the dead time of the counting circuit after the 
meson pulse. This dead- time comprises the electronic 
transit time, and fixed delays in the circuit. 6 ^ is 
the fraction counted of the total pairs of decays after 
dead time. 

3C is the factor relating to the competitive processes 
of deoay and nuclear absorption for negative mu mesons. 

7 i is the fraotion of the mesons which deoay in a 

c 

The factor 2 is a statistical one whioh arises in the 
following way: Since either meson can be counted in either de- 

tector. there are two combinations that will result in a success- 
ful detection, Meson 1 in detector 1; meson 2 in detector 2: or 
meson 1 in detector 2; meson 2 in detector 1. 
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deteotor that form a detectable decay electron, 
f is a faotor that gives the true angular distribution 
as compared to an uncorrelated spherically symmetric 
angular dlst rlbu tion. 

The value of £. calculated will be a lower limit on 
the detection efficiency, based on the assumption of absolutely 
no correlation between the fractional solid angles Aa/, and 
AuJ. 

These factors are dlscuased below in detail. 



Factor A uJ t ‘A uj 



The solid angle product is a very critical part of 



the efficiency. The basic solid angle geometry is shown in 
Figure *y*7. 







A eff 18 effective 
detector aperture area. 

r e ff is the effective 
detector distance. 



Some representative values of for various A 

sir eff - 

Combinations, whioh appear reasonable and attainable, are listed 



in Table 

Table 4-1 ( A uJ and (A w f ) 



A ef f/ r eff 


Au) 


Aou 2 - 


8 O. 8/20 


1.61 x lO- 2 


2.57 x 10” 4 


125.8/20 


2.51 x 10-2 


5.25 x 10 “ 4 


80 . 3 / 35 


.526 X 10-2 


.275 x 10 “ 4 


125.8/36 


.821 x 10-2 


.67 x 10 - 4 



A = 80.8 cm is the 

4 inch diameter 

A = 125. 8cm^ is the 

5 inch diameter 
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Note that an Increase in detector diameter by 1" In- 
creases the efficiency at either value of &off by a factor of 
about 2.4. Decreasing r e f£ from 35 cm to 20 cm, holding 
constant, increases efficiency by a factor of about 9. 

The path length of the decay electron become s too 
large in general, and the factor ^ deoreao86, for a detector 
diameter of more than about 6 1/2 inches. Consequently this 
was the maximum diameter used in the inner detector, result- 
ing in choosing an aperture diameter of 4 inches ( A eff* 80 -8 cm 2 ). 
z 

The value of (Aoj) for this A eff“ r eff combination from Table 
4-1 is 2.57 x 1CT 4 . 

factor & * 

The transit time of the circuit is negligibly short 
compared to the fixed delay time in the meson eleotronice. 

The meson coincidence pulse triggers the electron-meson gate 
after a 1/2 mlcrosec fixed delay. The 1/2 mlcrosec delay is 
used to preclude false coincidences in the gate circuit due to 
slowing of one or the other pulse in the discriminators. The 
fraction of all the mesone that decay in 1/2 mlcrosec is: 

(l_ -6) - 1 - exp( - -~r ) ^ .21 JjT-2u. 

hence o , the fraction of the total that are observable in 
pairs, is 

cf^.79 2, ~ .62 XZ"2-6 

Note that an improvement in <J d can be obtained by 
decreasing the fixed delay in the eleotronlcs to 1/4 mlcrosec in 
lieu of 1/2 mioros9C. This results in an increase by a factor, 
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